The Pan-Cancer
PCAWG Transcriptome Core Group 2018, Rheinbay 2017 , Sabarinathan 2017 , Yung 2017 . Two types of files were generated by the PCAWG analysis: primary BAM and VCF files, and downstream analysis results (Supplementary table 2) (Campbell 2017) . The ICGC Data Portal provides a uniform search interface for both all file types (Yung 2017) . Each of the three resources, UCSC Xena, Expression Atlas, and PCAWG-Scout, separately ingested the same primary result files and individually refined them for online visualization, exploration and download (Fig. 1A) .
In addition to the ICGC Data Portal serving as the main entry point for accessing PCAWG data, users can also explore PCAWG consensus simple somatic mutations by their frequencies, patterns of co-occurrence, mutual exclusivity, and functional associations. UCSC Xena integrates diverse types of genomic and phenotypic/clinical information at the sample-level across large number of samples, enabling visualizing patterns in the genomics data. Expression Atlas focuses on RNAseq data, supporting queries in either a baseline context (e.g., find genes that are expressed in PCAWG prostate adenocarcinoma samples) or in a differential context (e.g., find genes that are under-or over-expressed in prostate adenocarcinomas compared to "adjacent-normal" prostate samples). PCAWG-Scout allows users to run their own analysis on-demand. The wide variety of PCAWG-Scout methods include predicted cancer driver genes, differential gene expression, recurrent structural variation, survival analysis, pathway enrichment, protein structure, mutational signatures, and predictions of recommended therapies based on their in-house resource, PanDrugs ( Supplementary  Fig. 5 ).
Access to protected data (i.e., primary BAM and VCF files, germline variant calls, and simple somatic mutation calls for non-coding regions) is provided through the ICGC Data Portal for researchers with approved authorization (please see http://docs.icgc.org/portal/access/ on how to obtain access). UCSC Xena provides secure views of protected, non-coding somatic mutations through the use of a private Xena data hub. Both the ICGC Data Portal and PCAWG-Scout publicly display nonidentifiable analysis results of protected data. Fig. 2 ). The UCSC Xena Browser accesses data from multiple data hubs simultaneously, allowing users to visualize PCAWG data alongside their own private data while still maintaining data security. The Xena Browser excels at integrating simple mutations, structural variants, gene expression data, and more, for the same or multiple genes across many samples for large cohorts (Fig. 1B) . Xena displays somatic mutations on genomic coordinates, transcripts, and 3D protein structures. Histograms, boxplots and scatterplots offer additional views and statistical analyses while Kaplan-Meier plots show survival analyses.
Functionality

ICGC Data
Expression Atlas (https://www.ebi.ac.uk/gxa/home). Expression Atlas contains in-house analysed RNAseq and expression microarray data for querying gene expression across tissues, cell types, developmental stages and/or experimental conditions (Petryszak 2016) . Queries can be either in a baseline context or in a differential context. PCAWG RNAseq gene expression data (Fonseca 2017) are manually curated to a high standard by Expression Atlas curators ( Supplementary Fig. 3 ) and are presented in a heatmap with summarized baseline expression. Two different views of the data are provided: summarized expression levels for each tumor type and gene expression at the level of individual samples. Both views include reference gene expression data sets for matching tissues from the GTEx study (Melé 2015) and any available adjacent normals from the PCAWG study ( Figure 1C ).
PCAWG-Scout (http://pcawgscout.bsc.es/). PCAWG-Scout leverages the Ruby bioinformatics toolkit (Rbbt), a framework for 'omics workflow and website templating, to make on-demand, in-depth analyses over the PCAWG data openly available to the whole research community. Views of protected data are available that still safeguard sensitive data ( Supplementary Fig. 4 ). Through the PCAWG-Scout web interface, users can access an array of reports and visualizations that leverage on-demand bioinformatic computing infrastructure to produce results in real-time, allowing users to discover trends as well as form and test hypotheses. The web interface and underlying infrastructure are open-source and can be installed locally, with new reports added or altered easily through the modular templating system. This also allows the entire analysis suite to be applied to datasets outside those from PCAWG.
Case study. We demonstrate the value of each resource using a common driver event in prostate cancer, fusion of the oncogene ERG (St. John 2012, Adamo 2016). Xena's visual spreadsheet shows that 8 out of the 18 PCAWG prostate donor samples with both whole-genome sequencing and RNAseq data harbor an ERG fusion. These donors also show ERG over-expression ( Fig. 1B) . A view of the PCAWG structural variant data shows that all fusion breakpoints are located at the start of ERG, leaving the ERG coding region intact while fusing to the promoter region of TMPRSS2 or SLC45A3 (Fig. 1B) . Both TMPRSS2 and SLC45A3 are highly expressed in normal prostate tissues and prostate tumors, as shown in the Expression Atlas Baseline Expression Widget (Fig. 1C) . Combined analysis of the PCAWG and GTEx datasets leads to the hypothesis that a subset of prostate cancers, through genome rearrangement, hijack the promoters of androgen-responsive genes to increase ERG expression, resulting in an androgen-dependent over-expression of ERG.
Although the ERG fusions are frequent, 46% (89 out of 195) of the PCAWG prostate tumors do not show them ( Supplementary Fig. 6 ). PCAWG-Scout's mutual exclusivity analysis shows that simple mutations in FOXA1, SPOP, SYNE1, and ANKFN1 are significantly associated with these non-fusion tumors (Fig. 1D ). Furthermore, in PCAWG-Scout's 3D protein structure view, the mutations in SPOP are shown to cluster tightly around the interaction interface for PTEN ( Fig. 1D ), suggesting that those mutations may lead to altered protein function for SPOP.
Code availability and embeddable web modules. In addition to providing online resources for PCAWG data exploration, we have made the code for each resource publicly available ( Supplementary Table 4 ). Further, embeddable javascript modules are available for ICGC's OncoGrid, Xena Visual Spreadsheet, and Expression Atlas Heatmap and Anatomogram Widget ( Supplementary Table 5 ). These modules are open-source and can be incorporated into 3rd party web applications.
Other online PCAWG resources
In addition to these four resources, there are additional online tools from the PCAWG consortium. An example of this is the panorama of driver mutations in the PCAWG tumors can be explored via prepared Gitools interactive heatmaps (http://www.gitools.org/pcawg) and browsed in IntOGen, at http://www.intogen.org/pcawg (Radhakrishnan 2017). We envision the PCAWG data will be incorporated into many other existing tools, and new resources will be developed.
Conclusion. The powerful, comprehensive, online resources described here facilitate exploration of the PCAWG datasets. They enable both bench biologists and bioinformaticians to gain insights from the data and make new discoveries. A, All PCAWG BAMs, VCFs, and analysis working group primary results files are available through the ICGC data portal's Data Repository tool (http://goo.gl/4ny2aG). To obtain these files, the user downloads a manifest of selected files and then downloads the actual data files (with authorization if needed) using the ICGC download tool. UCSC Xena, Expression Atlas and PCAWG-Scout have each pre-processed the same primary analysis working group results files. These tools's internal databases are designed for the fast response times needed for online applications.
B,
The Xena Visual Spreadsheet shows that the ERG fusion is present in 8 out of 18 PCAWG prostate adenocarcinoma samples (https://goo.gl/KU333Z), as detected by the PCAWG RNAseq and whole-genome sequencing data. Each row corresponds to a sample. Columns, starting at the left, correspond to histology, ERG gene expression, and ERG fusion based on RNAseq data (merged fusion calls from two methods (PCAWG Transcriptome Core Group 2018). The next three columns show structural variant calls (consensus calls by four methods Li 2017) using whole genome DNAseq data for ERG, TMPRSS2, and SLC45A3. These data show that TMPRSS2 and SLC45A3 are fusion partners for ERG, and that the fusions correlate with overexpression of ERG. Fusions detected by RNAseq and whole-genome sequencing are not always consistent.
Here, even using a consensus of detection methods, one fusion detected by a consensus of RNA-based detectors is missed, and the converse is also seen. This example shows that an integrated visualization across multiple data types and algorithms provides a more accurate model of a genomic event.
C, The Expression Atlas shows a heatmap of genes (rows) and tissue or disease type (columns). Here we show the expression of ERG, SLC45A3, and TMPRSS2 in healthy human tissue (top heatmap), as derived from our re-analysis of the GTEx data set. The bottom heatmap shows expression in PCAWG data (https://goo.gl/Ch1meK). The human figure, also know as an anatomogram, shows the highlighted prostate tissue. We can see that TMPRSS2 and SLC45A3 show very high prostate-specific expression. Both genes have been used by the tumor to fuse its promoter to ERG, driving ERG over-expression.
D, PCAWG-Scout complements the analysis by identifying recurrent mutational events in tumors without ERG fusion (fusion = 0). On the left, PCAWG-Scout shows a mutation exclusivity analysis (using Fisher's exact test), which identifies FOXA1 (****, < 0.0001), SPOP (***, < 0.001), SYNE1 (*, < 0.05), and ANKFN1 (*, < 0.05) as significantly associated with non-fusion tumors (https://goo.gl/nPJ45l). In the 3D protein structure of SPOP shown on the right, mutations are seen to cluster tightly around the region that overlaps with the interaction surface of PTEN. The portion of PTEN that interacts with SPOP is shown in yellow, along with the SPOP structure. Red indicates recurrent mutations in SPOP with a brighter red indicating higher rate of recurrence.
Methods to reproduce views in A, B, C and D are available in the Supplementary Information.
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